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1. SUMMARY

The research deals with excitation of large-amplitude
whistler waves into a magnetized laboratory plasma.
Magnetic loop antennas are used since they couple better
to the wave magnetic field than electric dipoles do to the
electric field. Whistler-mode waves with wave magnetic
field exceeding the background magnetic field are pro-
duced. In one configuration, the net magnetic field has
the topology of a field-reversed configuration (FRC). The
FRC splits into two oppositely propagating wave pack-
ets which self-consistently develop twisted field lines as
in a spheromak. The properties of such nonlinear fields
are studied. The wave packets contract with increasing
amplitude which characterizes them as whistler solitons.
However, the collision between whistler solitons is differ-
ent from those of electrostatic waves: The solitons collide
inelastically and dissipate their energy in electron heat
and light radiation. Detailed observations also show that
higher frequency magnetic oscillations are excited by a
whistler spheromak. These spontaneous oscillations are
possibly created by a kinetic whistler instability associ-
ated with anisotropic electron heating (Tperp > Tj) or
parallel electron beams).

2. DETAILED FINDINGS

21. Overview

We briefly review the setup of our laboratory exper-
iments, the measurement methods and basic properties
of the waves excited. Then we describe wave-wave and
wave-particle interactions. The former involves the study
of wave collisions, the latter electron energization by non-
linear whistlers.

‘ 2.2. Review of Experimental Setup

Our experiments are performed in a large (1 m diam,
2.5 m length) pulsed dc discharge plasma generated with
a 1 m diam oxide-coated cathode shown schematically in
Fig. 1(a).

The parameter regime (n. ~ 10'2 cm™3, kT, ~ 2 eV,
By = 5 Q) is that described by electron magnetohydro-
dynamics (EMHD, magnetized electrons, unmagnetized
ions). Insulated magnetic loop antennas (2-4 turns, 10-
30 cm diam) are inserted into the plasma center and a
charged (1200 V) capacitor (0.1-10 uF) is discharged into
the loop using a fast, high power transistor. This results
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FIG. 1 (a) Schematic of the experimental setup and rele-
vant parameters. (b) Typical waveform of the coil current
expressed in Ainpere-turns.

in a damped oscillatory current (L,ax =~ 100-300 A, which
decays with period T = 2m(LC)Y/2 ~ 2-25 ps. From the
decsy time and the L-C circuit elements, the series resis-
tance, hence power dissipated in the circuit, can be deter-
mined. Of particular interest is the increase in absorbed
power in plasma vs that in vacuum. Typical values show
that 50% of the applied power of P = IpeakVpeak/2 =
100 kW can be deposited into the the plasma.

In vacuum, the magnetic field in the center of the
loop at the peak current can be as large as B = 100 G
> By = 7 G. Figure 1(b) shows the typical ringing wave-
form of the antenna current. The local magnetic field is
measured with a single magnetic probe containing three
orthogonal small loops (5 mm diam) which can be moved
in three orthogonal directions. From highly repeatable
(dn/n < 3%) discharges at a fast repetition rate (1 Hz)
the space-time dependence of the field is measured with
a four-channel digital oscilloscope (8 bit, 0.2 ns resolu-
tion, LeCroy 6200), stored and digitally processed. At




each probe position, we measure the fields in vacuum
and in plasma with different current polarity. This al-
lows us to distinguish the fields created by plasma cur-
rents, Bplasma, from those created by antenna currents,
B.oi, and to demonstrate important differences in the
axial field direction relative to By. A Langmuir probe is
also attached next to the magnetic probe so as to mea-
sure the plasma parameters in space and time. We also
perform light emission measurements with a photomul-
tiplier tube with good temporal (< 0.1 ps) and spatial
(< 2 em L line of sight) resolution.

231 Magnetic Topologies

When a rising magnetic field is applied with a loop
antenna in a plasma, an opposing magnetic field is cre-
ated by induced plasma currents. In the EMHD param-
eter regime, the induced field propagates in the whistler
mode away from the antenna such that the antenna vac-
uum field penetrates into the plasma at a whistler transit
time. During the turn-on of a loop field directed opposite
to the ambient field a whistler wave with wave field along
the ambient field is excited. We call this mode a whistler
mirror since it compresses the field lines in the center of
the wave packet. A measurement example is shown in
Fig. 2.

It displays contours of the total axial magnetic field.
To the right and left of the coil (z = 0) are yellow
contours with peak magnetic field of 17 G compared to
the ambient field of 5 G. These are the large amplitude
whistler mirrors. After the whistler mirrors propagate
away, the field near the antenna is close to the potential
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FIG. 2 Contours of the net (Bioe = By + Beoit + Brlasma)
axial magnetic field component. The coil | located at z=0,
creates a field reversal. During the current rise an opposing
field with Byave|[Bo is induced which propagates away as two
whistler wave packets (yellow peaks on axis).
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FIG. 3 Vector field (By,B.) at the time of the peak an-
tenna current. The shielding field has propagated away in
the whistler mode and the vacuum antenna field has pene-
trated into the plasma forming a FRC.

field in vacuum. Figure 3 shows a measured vector field
when the coil current reaches a maximum.

When the coil current decays, plasma currents are in-
duced which try to maintain the FRC. They flow in the
vicinity of the antenna across magnetic field, thus are
electron Hall currents. A critical moment arises when
the coil current goes through zero and the antenna field
reverses sign: As schematically shown in Fig. 4 two X-
type null points are formed above and below the coil.

For axial symmetry, they have a toroidal separator. At
these magnetic nulls, field lines around the coil reconnect
with field lines inside the FRC separatrix to form new
field lines around the two plasma current rings. This flux
addition enhances the induced currents. With increasing
coil current, the null points move radially away from the
coil. When the inner null point reaches the axis, all the
closed field lines of the original FRC have been recon-
nected. As schematically shown in Fig. 5, the inner null
line degenerates into a 3-D null point.

Topologically, it is called a “degenerate radial null,”
meaning that it joins two separatrix surfaces or exhibits
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FIG. 4 Schematic field line picture showing how reconnection
at two magnetic null lines forms two spheromaks from a single

FRC.
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F1G. 5 Schematic field line picture showing an intermediate
stage of spheromak formation. The inner null line has formed
a degenerate 3-D null point on axis. it is topologically un-
stable and splits into two regular 3-D radial nulls shown in
Fig. 6.

two different fans. A degenerate null point is not stable
and changes immediately into two ordinary radial null
points, shown schematically in Fig. 6.

Now two spheromaks have been formed, each with two
radial nulls on axis. The O-type null in the toroidal
current layer is actually not a magnetic null since the
spheromak self-consistently develops a toroidal magnetic
field Bi,,. The reason is that the toroidal electron fluid
flow twists the frozen-in field lines. The toroidal twist be-
tween the two spheromaks implies opposite signs of Bio,
in each spheromak. The spheromak propagating along
By has always a right handed twist or positive helicity,
while the spheromak propagating against Bg has negative
helicity. A measurement of the two spheromaks is shown
in Fig. 7 which displays for clarity only the axial mag-
netic field component. The blue contours of negative B,
are the two whistler spheromaks which propagate away
from the antenna.

2.3.2. Nonlinear Propagation

The propagation speed of whistler spheromaks and
mirrors differs from that of linear whistlers. From time-
of-flight measurements at different wave amplitudes we
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FIG. 6 Final stage of spheromak formation. The two outward
propagating whistler spheromaks are separated by a whistler
mirror.
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FIG. 7 Contours of the net axial magnetic field component
when two whistler spheromaks (blue contours=field reversals)
have been excited by the coil at z = 0.

have measured the nonlinear propagation characteristics
and displayed the result in Fig. 8. Whistler mirrors prop-
agate faster and whistler spheromaks propagate slower
than linear whistler modes.

This result is qualitatively understood since the group
and phase velocity of linear whistlers scales as the square
root of the ambient magnetic field. The mirror enhances
the net field, hence propagates faster. The reverse holds
true for the spheromak. However, this picture is only
globally correct. Locally, the whistler spheromak should
stagnate at its null point, but this is not the case. How-
ever, it does steepen into a narrower structure than a
linear wave. Figure 9 shows the widths of the wave pack-
ets vs wave magnetic field.

With increasing amplitude the whistler spheromak
contracts along the direction of wave propagation while
the mirror stretches. Accompanied with the contraction
of the spheromak is a relative increase in the wave am-
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FIG. 8 Propagation speed of whistler spheromaks and mirrors
vs wave amplitude.
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FIG. 12 Light emission (black) and electron bulk temperature
(blue) vs time. Comparison with the antenna current wave-
form (red) shows strong electron heating only when whistler
spheromaks are excited.

The duration of electron energization is given by the
transit time of the spheromak across the probe or optical
path (2 cm axial resolution). Without electron confine-
ment, there is little electron heat remaining in the wake
of the spheromak.

Figure 13 shows how the duration of the spheromak or
light pulse varies with applied frequency. Surprisingly,
the half-width of the light pulse remains of order 1-2 ps
as the rf period is varied from 4 ps [Fig. 13(a)] to 50 ps
[Fig. 13(d)]. Unlike a linear wave, the axial length of the
spheromak is not determined by the rf period but by the
shorter radial transit time of the magnetic null line from
the coil radius to the coil center.

Attempts have been made to image the light emission
with a high-speed camera. Figure 14 gives an example
of a picture of the coil taken with a Canon EOS-1DS
camera. In spite of a fast shutter time (1/8000 sec)
the spheromak light pulse is time averaged hence only
a broad glow in the antenna region is visible. A blue
glow appears near the antenna wire.

Radial profiles of the light intensity have been mea-
sured with the photomultiplier which has provides full
time resolution (S 0.1 ps). Figure 15 displays light in-
tensity traces vs radius at different times after spheromak
formation. The light starts near the antenna wire, prop-
agates within < 1 ps radially inward to fill the entire coil
interior. Since during the phase of spheromak creation
an X-type magnetic null line also propagates radially in-
ward the initial electron acceleration is thought to occur
in the magnetic null line.

2.3.5. High Frequency Whistler Instability

Close inspection of the magnetic probe signal (o
dB/dt) shows that under certain conditions oscillations
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FIG. 13 Wavelormns of the oscillatory antenna current and
the spiky light emission for different rf periods. The light
pulse is observed 20 cm axially away from the antenna. It
occurs only during spheromak emission and its duration is
nearly independent of rf period. (d) shows that both antenna
voltage (red) and current (green) exhibit loading effects when
the electrons are heated.

FIG. 14 Digital picture of the antenna region during pulse
excitation. The afterglow plasma is dark and the light is due
to emission of whistler spheromaks.

arise at a frequency much higher than the applied fre-
quency. The oscillations oceur in the frequency regime
of 5-10 MHz and occur only during spheromak emission.
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FIG. 15 Light emission vs radius at different times during
spheromak formation. The light is radially resolved to within
2cm, axially averaged, but fully time-resolved (< 0.1 ps).

The oscillations arise in all field components. They ex-
hibit shot-to-shot fluctuations but, in spite of some am-
plitude loss, they can be averaged so as to obtain the
space-time dependence.

Figure 16 shows that the high-frequency magnetic os-
cillations propagate axially at a velocity v, ~ 100 cm/ps,
which is much higher than that of the whistler spheromak
(= 20 cm/ps).

Figure 17 shows that the waves also propagate radially
outward as seen from contour plots of orthogonal field
components in the y—z plane which exhibit oblique phase
fronts. Typical wavelengths are 10-15 em. Interference
patterns are common. The orthogonal field components
exhibit some delay indicating elliptical polarization.

The source for the high frequency magnetic waves has
not yet been identified. Whistler instabilities due to
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FIG. 16 Contour plot of dB, /dt in the z — ¢ plane (z = 0)
showing axial propagation of 7 MHz oscillations in a whistler
spheromak. The antenna is located at 47.5 cin.
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FIG. 17 Contour plot of dB;/dt and dB,/di in the y — z
plane (x = 0) at a fixed time showing an interference pattern
of obliqueley propagating 7 MHz oscillations in a whistler
spheromak. The antenna is located at 47.5 cm.

anisotropic electron distributions are suspected since the
oscillations are only seen under conditions of electron en-
ergization in whistler spheromaks. Further investigations
will be performed to identify these wave-particle interac-
tions.

3. CONCLUSIONS

In summary, we have shown experimental observations
on the excitation of large amplitude whistler waves from
magnetic antennas. Whistler modes with wave magnetic
fields large compared to the ambient magnetic fields have
been produced. Electrons are strongly accelerated in
whistler spheromaks. Anisotropic distributions are pro-
duced which in turn produce secondary whistler instabili-
ties. These are all evidence for wave-particle interactions
in large amplitude whistlers.




